In casting, fluidity is the measure of the distance a metal can flow in a channel before being stopped by solidification. During mold filling, the metal loses heat to the surrounding mold, thereby cooling and becoming more viscous until the leading portion solidifies and no further flow is possible. A coupled heat-transfer and fluid-flow modeling of a spiral, involving the use of thermophysical properties to determine material fluidity, has been conducted. Fluidity experiments were performed by Caterpillar; several spiral test castings were poured. Simulations of these experiments utilized the Casting Process Simulator (CaPS) software developed at Argonne National Laboratory. Two types of spiral geometries with different assumptions were considered: (1) a two-dimensional laterally stretched spiral and (2) a three-dimensional lateral spiral. The computed extent of mold filling is in good agreement with the experimental results. Time required by the metal/gas interface to attain specific positions in the spiral arm also compares favorably with the experimental results. 'The influence of process variables, especially pour time, is discussed. The CaPS software has been used as a computational tool to investigate the validity of the dimensionality assumptions and to evaluate the ability of CaPS to model fluidity adequately.
Introduction
Producing sound castings can be difficult. When liquid metal is poured into a mold, many processes begin: surface tension and microstructure change, metal penetrates sand and vice versa, turbulence and viscous effects ensue, etc. During solidification, the metal contracts, which in turn causes a pressure drop in the remnant liquid 'and regional buildup of excess solute, which produces segregation.
Most casting defects occur during initial pouring; therefore, the design of the running system, which guides the metal from the ladle into the mold, is crucial. The main aim of a mold designer is to produce sound, accurate, strong, and defect-free castings. The traditional design method for the running system and mold filling is a trial-and-error approach that is tedious, time consuming, and expensive. These difficulties can be overcome by a computer simulation that demonstrates the actual process of mold filling and subsequent solidification.
Computer simulation of various processes has become increasingly common in recent years. The cost effectiveness of making flawless castings has made the foundry worker more aware of the process of mold filling, identification of hot spots, etc. There are several advantages of computer simulation over traditional casting methods; different geometries can be developed and tested in a short time, compared with the days of traditional trial-and-error methods to identify, for instance, position of risers and chill blocks, design of runners, etc.
In this paper, an effort is made to understand material fluidity via mold filling in a spiral test casting. The Casting Process Simulator (CaPS) software, 1 developed at Argonne National Laboratory and based on transient heat transfer and fluid flow aspects of solidification, has been used to conduct computer simulations of the mold-filling process and the subsequent solidification of the metal in the mold. Experimental aspects have been demonstrated by Caterpillar, where several test castings were made to determine the repeatability and accuracy of results, primarily with gray iron as the filling material in silica sand molds. Variations in experimental spiral lengths were modeled according to the duration of a liquid metal pour into the filling cavity.
Background
Several mold patterns have been suggested and used by researchers to identify the extent of mold filling by the molten metal, and consequently to determine fluidity. In most of the tests, the molten metal flows through a constricted channel that is long enough to extract sufficient heat to solidify the leading free surface of the metal and stop the flow of metal in the channel. Most of the tests have been conducted with a spiral channel 2 -4 that simplifies handling and leveling problems, although a laterally flowing channel has also been used. 5 The shape of the channel is either circular, semicircular, or trapezoidal to reduce surface contact of the metal with the mold.
The amount of metal that fills the mold depends on the test variables, e.g., mold pattern pressure head, mold properties, superheat, pouring rate, etc.; and the properties of the metal, e.g., viscosity, exide films, surface tension, etc. Because the viscosity of metals is a small multiple of that of water 6 and the kinematic viscosity (which is the viscosity divided by the mass density) is less than that of water, the existing effect of viscosity on metal fluidity is not very pronounced. The formation of oxide films reduces metal flovz through the constricted channel and therefore may lead to decreased fluidity. Surface 2 tension of metals increases with melting point and decreases with increase in temperature. 6 The effect of higher surface tension is to increase the pressure required to force the metal into the constricted channel and thus the spiral length is increased.
The design of the spiral test casting should be such that the system of gates in the mold pattern allows a constant pressure head and permits the metal to flow into the channel with negligible inertia. The molding sand should be permeable so that gases emitted as a result of mold-to-metal contact can escape.
Experimental Aspects
Experimental investigations on the spiral test casting were conducted at Caterpillar. 7 One purpose of the tests was to confirm the reliability and repeatability aspects of the spiral test castings. The basic experimental casting design is shown in Fig. 1 ; it is similar to that used in earlier research. 4 The experimental setup consisted of a pour basin to create a constant pressure head for the liquid metal flowing into the channel, a downgate with a constricted opening at the base to limit the amount of the metal flowing into the channel, a pool to dissipate the kinetic energy of the falling metal, and th? spiral arm. A reservoir in the pour basin stabilized the flow of metal into the downgate. Every effort was made to ensure constant conditions during the experiments.
The pour basin and the downgate patterns in the cope were connected via an orificed core around the base of the downgate to the drag of the mold, which consisted of the pool and the spiral patterns. The cope was 3.0 in. high and the drag was 4.0 in. deep. The spiral arm was curved so that the adjacent arms were spaced 0.55 in. apart. The thickness and depth of the arm were 0.36 and 0.3 in., respectively, and the shape was a half-circle at the base so that surface contact between the metal and the mold was limited. The pool was 2.5 in. deep and 1.25 in. in diameter, the orifice of the core was 0.375 in., and the downgate was 1.75 in. tall.
Fig. 1. Spiral test casting 3
Twenty-six spiral test castings were poured: 12 for Group I and 14 for Group II. The tests consisted of spiral test castings poured under identical conditions and constant processing variables. Group I castings were poured from four ladles with three heats poured per ladle. Pouring temperature was accurately determined at the beginning and end of each pour, and the superheat was maintained as constant as possible. Metal properties were monitored by pouring the liquid metal into a circular, button-shaped mold during each tap to obtain the chemical composition of the melt. The time from start of melt to pour was recorded for each ladle. Further, because the spiral length depends upon the pressure of the liquid metal flowing through the channel, the distance between the ladle lip and the pour basin was kept constant.
Five of the 14 Group 11 castings were equipped with unconnected K-type thermocouple wire pairs. The pairs were placed 0.25, 9.0, 14.0, 19.0, 24.0, and 29.0 in. from the beginning of the spiral arm. The thermocouple wires were inserted in the mold through a diametrically consistent opening. Only the uninsulated bare wire protruded into the metalfilling cavity, and the opening was sealed with silicon paste. When liquid metal reached the thermocouple wires, a circuit was completed and a signal sent to a computer to record the time (in tenths of seconds) of metal contact with the sensors. Five ladles were used to make three castings each.
Experimental spiral length ranged from 20 to 26.25 in., with an average of 23.27 in. The repeatability of time of metal contact with the sensors was good, with a deviation of <10% of the mean. Each of the three molds from individual ladles evolved similar spiral lengths. The variation of the spiral length was more pronounced when different ladles were used.
Numerical Aspects
With the advent of powerful workstations, modeling of heat transfer and fluid flow aspects of solidification has become increasingly efficient. Various models have been proposed for either heat transfer, fluid flow, or combined aspects during mold filling, microstructural evolution, etc. 8 . Other researchers have worked on treating surface boundary conditions with inherent mold-to-metal heat transfer properties. 9 This avoids including the mold in the geometry, leading to fewer cells in the geometry and thus time savings in computation time; however, it deters the user from making quick simulation runs because the setup time of a simulation run for a complex casting is large.
The objectives of numerical modeling of any solidification aspect are to obtain good agreement between experiments and theory, minimize computation time, and allow the foundry worker to use the model with minimum input parameters and help in simulating reality. Again, as the geometries become more complex, the number of cells needed to mesh the geometry becomes large, thereby increasing computational time.
The CaPS Software
The macroscopic Casting Process Simulator (CaPS) software combines heat transfer and fluid flow aspects and can describe various solidification aspects, including mold filling. CaPS is a multidimensional time-dependent computer code that uses a finite-volume formulation for mass, momentum, and energy equations. In CaPS, the geometry is created independently of the mesh, using PATRAN, which is based on grids and line representation, and utilizing patches to realize surfaces and hyperpatches to create geometric volumes. CaPS reads the neutral file, which consists of a list of named components. The geometry is meshed with a structured mesh generator of regular cells interfaced with the neutral file output of the solid geometric package. Visual user interfaces have been developed on the basis of the HOOPS hierarchical libraries, which contain a database of geometric information. These visual interfaces allow the user to create, observe, verify, and view the meshed geometry, set up the boundary and initial conditions, view the different named components, and initialize the simulation parameters.
The CaPS shell scripts interactively provide a step-by-step procedure to simulate a solidification aspect, thus making the software user-friendly. With CaPS, an efficient solution of transient fluid flow and heat conduction within the metal and between the metal and the mold can be realized.
Solidification and Filling Analysis
Basically. two underlying concepts are used by researchers to describe a free surface. In the Lagrangian approach, although the boundary conditions are easily applied, the analysis breaks down when large surface distortions are present and when two or more surfaces intersect. CaPS employs the Eulerian approach, which makes use of the volumeof-fluid concept 1 0 to analyze free surfaces efficiently and generate approximations for convective fluxes.
The rapidly transient fluid flow consists of the liquid metal flowing through runners and gates into the cavity in a complex manner involving intersecting free surfaces. In CaPS, the volume-of-fluid concept is realized by classifying each cell as either empty or partially filled. The new velocity field is calculated on the free-surface boundary, where pressure is specified. The amount of fluid is computed when the cell empties or fills. Also, if the cell cannot be resolved by free-surface boundary conditions on velocity, the process is iterated. The governing equations are the basic equations of conservation of mass, momentum, and energy. The calculation of mass fraction is based on the enthalpy method. The solid mass fraction, x8, is given by
where h is the enthalpy and the subscripts 1 and s denote liquidus and solidus, respectively. The latent heat released during solidification is inherently involved in the temperaturedependent properties. In CaPS, thermal conductivity, density, viscosity, and specific heat are to be specified as a function of temperature for each material used in the experiments.
The geometry is meshed separately and is not inherently related to boundary conditions, as prescribed by some researchers. 9 Thus, the user is not required to specify each section of the casting boundary. Computation time can be reduced by reducing the width of the mold in the periphery of the casting. thus reducing the number of cells in the mold material. In the CaPS code, the pressure solver relates only to the cavity of the geometry. Thus, computational time for the entire mold-cavity assembly is used efficiently in CaPS.
A force structure was used to model the momentum interaction between the liquid and the mold in the spiral arm. A force structure is a mechanism whereby a drag or resistance force (in Pa/m) can be applied to a fluid flow across a cell face between two computational cells.
A thermal structure model has been used to model the heat transfer interaction between the molten metal and the mold in the spiral arm. Thus, while creating the geometry of the spiral arm, the mold was neglected. This drastically reduced the number of computation cells and thereby computation time. The thermal-structure model in CaPS solves one-dimensional heat conduction equations for all solid thermal structures. It calculates temperature distribution in solids and heat transfer from solids to surrounding fluids. In summary, the output from the thermal-structure model is a heat source/sink term for the fluid energy equation.
To calculate heat transfer between the fluid and solid surfaces (the mold, in particular), a heat-transfer-coefficient model is required. A thermal structure is a solid structure in a fluid-flow domain undergoing heat transfer interaction with the surrounding fluid. Thus, to model the heat transfer between the metal and the mold, plane thermal structures were included as auxiliary inputs. The heat transfer coefficient, h, is given by
where DE is the characteristic length. Nu is the Nusselt number, and k is the thermal conductivity of the liquid metal. The Nu correlation used was 
Verification of Approach
The numerical CaPS software was tested by varying the pour time of the liquid metal into the filling cavity via the spiral test casting. The simulations were conducted in two and three dimensions. A symmetric plane was created In the three-dimensional (3-D) lateral spiral to decrease the number of cells in meshing the geometry, thereby decreasing computation time and easing the geometric view. In both the two-dimensional (2-D) and 3-D spiral-arm geometries, a drag force in the x-direction was considered. The simulations are described in detail below.
Three-Dmensional Spiral
As indicated by earlier researchers, 5 a lateral spiral arm may be created if leveling is not a problem. Thus, to create a symmetric plane. the geometry of the spiral arm was made lateral because leveling is not a problem in computer simulations. The geometry was created according to the experimental spiral-cast dimensions furnished by Caterpillar. The elevated pour basin allowed simulation of the constant distance between the ladle lip and the pour basin.
In the symmetric 3-D model, the length of the spiral arm was 32 in.. the width was 0.18 in. due to symmetry. and the depth was 0.26137 in. These dimensions created the same flow area as in the original pattern, which included a semicircular spiral arm. The entire geometry that is simulated and meshed involves the mold as an overlapping entity to the pour basin, downgate, and pool. Automatic timestepping was selected for the runs. The liquid metal enters from the inlet at a specified rate over a time interval. The temperature of the liquid metal was 1395*C and the initial mold temperature was 20*C. The liquid metal begins to flow into the spiral arm after filling the pool. A cold-shut is caused by cooling of the leading edge of the flowing metal.
Two-Dimensional Spiral
The geometry of the laterally stretched 32-in. spiral consisted of an inlet, a pour basin, a downgate, a pool, and the spiral arm. This setup enabled viewing of the liquid metal as it flowed through the downgate into the pool, filled the pool, and entered the spiral arm. The meshed geometry of the 2-D lateral spiral again consisted of a peripheral mold along the pour basin, the downgate and the pool. As in the 3-D model, the elevated pour basin allows simulation of the actual experimental distance between the ladle lip (here, the inlet) and the pour basin. The metal stops flowing into the cavity when the temperature of the leading edge falls below the solidus temperature and a cold-shut is created.
Discussion
The chemical composition, determined via a chemical button after each run, indicated very slight variation. The recorded time from start of melt to pour was constant, as was the distance between the ladle lip and the pour basin. The pouring temperature and the superheat were maintained as constant as possible. Thus, all experimental variables were kept as constant as possible. The 3-D simulation appears to be more sensitive to pour time than is the 2-D simulation. This is due to more accurate modeling of the pour basin, downgate, and pool in three dimensions. The variation of pour times appears to span the spiral lengths, as observed in the experiments. Thus, pour time may be an important criterion to be controlled during experiments.
The times required for the metal to reach certain points in the spiral arm were calculated relative to the time at which the liquid metal reached the pool bottom. Figure 4 shows the 2-D experimental results at the metal/gas interface versus contact times. 
Summary
An increased understanding of fluidity has been achieved with the CaPS code and computer simulations of the mold-filling and subsequent solidification process. CaPS is a multidimensional time-dependent computer code that can predict how a liquid metal is gravity-fed into a sand mold through gates and runners, how the temperature varies in and around the casting, and how the metal fills and then solidifies in the cavity. Mold-heating effects can also be visualized. Simulations were conducted on two types of geometries: (1) a The simulation time of sensor contact with the flowing metal agreed with the experimental values. While great care was taken to maintain the process variables as constant as possible, a 6.25-in. variation in spiral length was observed experimentally.
These results compare favorably with the simulation results, demonstrating that if leveling and handling are not significant factors, the lateral spiral test casting can also be used to conduct fluidity tests. While performing the simulations, we realized that variation in pour time may explain the observed 6.25-in. variation in experimental spiral length. Simulations with CaPS indicate that pour times of 0.75-2.5 s may be responsible for the varying spiral lengths. Indeed, it appears reasonable that manually, pour time is difficult to control accurately to within fractions of a second.
In te development of castings, mold filling is important. Free-surface modeling gives better insight into the casting process and can improve casting quality while reducing costs by minimizing scrap. With CaPS, mold-filling techniques can be varied by changing the position of risers or gates to reduce the formation of shrinkage cavities. Also, rapid mold filling, which is important for thin-sectioned castings where increased heat loss results in premature freezing, can be performed by optimizing the gating design. CaPS is a software tool that permits foundries to save time and energy while reducing casting scrap.
Other aspects of solidification can also be readily simulated with the CaPS software. The effect of surface tension on the flow of liquid metal through the cavity, microstructural features of the final cast part, etc., will be incorporated to make the software even more useful to the casting industry.
